Harbor sediments are commonly contaminated with hydrocarbons from shipping activities, fuel spills, runoff, and inputs from sewage treatment plants. Although the monoaromatic hydrocarbon components of these wastes are often readily degraded or volatilized, polycyclic aromatic hydrocarbons (PAHs), which are less volatile and have a high affinity for particulate matter, are often deposited in the bottom sediments (21) . Once in the sediments, PAHs may persist until they are degraded, resuspended, bioaccumulated, or removed by dredging (12) . This is an environmental concern because PAHs may adversely affect bottom fish and sediment infauna (21) . Furthermore, the presence of PAHs in sediments dredged from harbors can result in classification of the dredge spoils as hazardous waste which might result in the necessity to treat the dredge spoils prior to disposal.
PAHs may be naturally removed from harbor sediments by microbial degradation. The ability of aerobic microorganisms to degrade PAHs, such as naphthalene, phenanthrene, anthracene, biphenyl, and benzo[a]pyrene, is well-known and has been observed in studies with a variety of soils and sediments (3, 4, 9, 11-14, 20, 27) . However, these studies and others (10, 26) have generally indicated that PAHs are not degraded in the absence of oxygen (6) . Several studies have suggested that some PAHs can be degraded in the absence of oxygen if nitrate is available as an electron acceptor, but these same studies have indicated that the PAHs persist under sulfate-reducing or methanogenic conditions (2, 15, 22, 23) .
If molecular oxygen or nitrate is required for PAH degradation, this would have important implications for the persistence of PAHs in harbor sediments and for treatment options for PAH-contaminated dredged sediments. In coastal marine sediments, oxygen and nitrate are typically available only in a thin surficial layer and account for a minor portion of the overall organic matter degradation (reference 5 and references therein). Sulfate reduction and in some instances, Fe(III) and Mn(IV) reduction are generally the dominant process for organic matter degradation. Therefore, microbial metabolism could be expected to have a significant role in removing PAHs from harbor sediments only if PAHs could be degraded under sulfate-reducing or Fe(III)-reducing conditions.
In a recent study it was observed that after an adaptation period, benzene was rapidly oxidized to carbon dioxide with the reduction of sulfate in petroleum-contaminated sediments from San Diego Bay, San Diego, Calif. (17) . Although anaerobic benzene oxidation coupled to the reduction of chelated Fe(III) was previously demonstrated (19) , the results from San Diego Bay provided the first example of benzene oxidation coupled to sulfate reduction. In order to determine if compounds composed of multiple benzene rings, i.e., PAHs, might also be degraded under sulfate-reducing conditions, further experiments were conducted with sediments from San Diego Bay. Sediment incubation protocol. As previously described (17), sediment samples were collected with a grab sampler and slurried (2:1 [vol/vol]) with water from the site under N 2 -CO 2 (95:5). [1- 14 C]naphthalene (8.9 mCi/mmol; purity of Ն98%; Sigma Chemicals) and [9] [10] [11] [12] [13] [14] C]phenanthrene (8.3 mCi/mmol; purity of Ն98%; Sigma Chemicals) were dissolved in methanol to provide 60 Ci/ml. The methanolic solution (25 l) was added to serum bottles (36 ml), and the methanol was allowed to evaporate. The bottles were flushed with N 2 -CO 2 to remove oxygen, sediment slurry (30 g) was added, and the bottles were sealed with thick butyl rubber stoppers. For experiments on benzene oxidation, the sediments were added to the serum bottles as outlined above, and an aqueous anaerobic stock of [U- 14 C]benzene (1.0 Ci; 63.2 mCi/mmol) was added through the stopper (17) . The sediments were mixed on a vortex mixer and then incubated inverted at 25ЊC in the dark. Over time the headspace was sampled with a syringe and needle, and the amount of 14 CO 2 was determined with a gas proportional counter (17) . Total 14 CO 2 produced in the sediment was calculated from the proportioning of 14 CO 2 into the headspace when H 14 CO 3 Ϫ was added to sediments in parallel incubations (17) .
Anaerobic oxidation of benzene, naphthalene, and phenanthrene. In accordance with a previous study (17) , benzene added to sediments from the Shelter Island site was not immediately oxidized to carbon dioxide (Fig. 1) . However, when [ 14 C]benzene was added to sediments taken near the naval base in the southeastern section of San Diego Bay, there was an immediate, steady production of 14 CO 2 over time (Fig. 1 ). There was also little 14 CO 2 production from [ 14 C]naphthalene and phenanthrene in the Shelter Island sediments (Fig. 2) . However, both naphthalene and phenanthrene were oxidized without a lag in the naval base sediments.
The differences in the rates of PAH degradation at the Shelter Island and naval base sites correspond with differences in the degree of PAH contamination in the sediments. The naval station site was heavily contaminated with PAHs (33 mg/kg of sediment), whereas the Shelter Island site had PAH levels of 4 mg/kg (6a).
Evidence for PAH oxidation linked to sulfate reduction. The oxidation of the PAHs in the sediments from the naval base site could not be attributed to O 2 or nitrate reduction. Incubations were under strict anaerobic conditions. Furthermore, the concentration of HCl-extractable Fe(II) (18) was 61 mmol/ kg, and the concentration of acid-volatile sulfide (7) was 20 mmol/kg. Clearly, these are highly reducing conditions so even if traces of O 2 had been introduced in setting up the incubations, it would have been rapidly consumed. Nitrate was not detectable in the sediments by ion chromatography (detection limit, 200 nM). However, ion chromatography revealed that the sediments contained sufficient sulfate (10 mM) for sulfate to potentially serve as the electron acceptor.
When 20 mM molybdate, a specific inhibitor of sulfate reduction (24) , was added to the sediments, the oxidation of [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]acetate to 14 CO 2 was completely inhibited (8) . This result is consistent with sulfate reduction serving as the predominant terminal electron-accepting process for organic matter oxidation but would not be expected if Fe(III) or Mn(IV) reduction were the terminal electron-accepting process. Furthermore, Mn(IV) would not be expected to be available for microbial reduction in sediments which contained such high concentrations of Fe(II), and Fe(III) would not be expected to be available in sediments with such high sulfide concentrations (16) .
In order to further determine if PAH oxidation was associated with sulfate reduction, additional sediment incubations with 14 C-labeled PAHs were initiated (Fig. 3) . Once production of 14 CO 2 began, molybdate (20 mM) was added to one of the sediments. The addition of molybdate resulted in immediate inhibition of phenanthrene mineralization. Similar results were observed with naphthalene (8) . Although this result does not prove that sulfate reducers themselves were directly oxidizing the phenanthrene and naphthalene in the sediment, it does demonstrate that sulfate reduction was necessary for PAH mineralization. This result further eliminates the possibility that the PAH oxidation could have been due to trace O 2 contamination, as molybdate would not be expected to inhibit aerobic respiration.
Implications.
It is becoming increasingly apparent that sulfate-reducing bacteria have the capacity to metabolize a variety of hydrocarbons. Sulfate reducers which can oxidize alkanes and toluene have already been isolated (1, 25, 26) . Although a benzene-oxidizing sulfate reducer has yet to be obtained in pure culture, the stoichiometry of benzene uptake and sulfate reduction, the requirement of sulfate for benzene uptake, and the lack of production of extracellular intermediates during benzene metabolism in benzene-adapted San Diego Bay sediments suggested that sulfate-reducing microorganisms were directly oxidizing benzene to carbon dioxide (17) . Further studies are required before it can be determined if the PAH oxidation observed here is directly catalyzed by sulfate reducers and whether this metabolism is common in a variety of sedimentary environments.
The failure of previous studies to detect PAH degradation under sulfate-reducing conditions might be explained by lack of investigation in sulfate-reducing environments with longterm PAH exposure. Although anaerobic PAH oxidation was readily detected in the sediments from the naval base site These results demonstrate that the capacity of hydrocarboncontaminated sediments for self-purification is greater than previously recognized. Furthermore, anaerobic PAH degradation may prove to be a more economically attractive method for the bioremediation of PAH-contaminated soils, sediments, and aquifers than the aerobic methods currently in use. These and other (17, 19, 26) recent results suggest that if a sufficiently long adaptation period and an appropriate electron acceptor is provided, there may be few petroleum-related compounds that anaerobic microbial communities cannot degrade.
